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Although many reports are available concerning the morphological development
of the sea urchin skeleton (v. Ubisch, 1913; MacBride, 1914; Mortensen, 1921,
1931 ; Goldon, 1926a, 1926b, 1928 ; Onoda, 1931, etc.), the underlying mechanism
of its formation is an aspect which has not been covered by previous workers.

In marine molluscs, on the other hand, it is known that the calcium utilized in
the formation of the shell is derived in part from the sea water in which the animals
live. Galtsoff (1934) reported that the amount of calcium deposited to form the
oyster shell was many times greater than that which could be stored in the tissues.
Orton (1925) noticed in the oyster that increase in the size of the shell took place
even in the absence of food. Fox and Coe (1943), in their studies on Mutilus,
showed that the amount of calcium obtained from organic food alone was not suf-
ficient to account for the amount deposited in the shell. In recent studies, it has
been proved that an isolated ‘“‘mantle-shell preparation” is able to deposit calcium
from the sea water onto the shell (Hirata, 1953; Jodrey, 1953). Bevelander and
Benzer (1948) have shown that there is a corresponding reduction in the calcium of
the regenerating molluscan shell (Pedalion alatum) when the calcium content of
the sea water is reduced. Further, Bevelander (1952) agrees with Robertson
(1941) in the conclusion reached in Robertson’s comprehensive review dealing with
calcification in molluscs, that molluscs can utilize calcium in the ionic form. This
conclusion is further corroborated by Rao and Goldberg (1954), who cultured
Mytilus in filtered sea water.

In sea urchin larvae, a direct dependence on sea water for the salts or ions used
for the larval skeleton is shown by the following facts: the beginning of spicule
formation precedes the completion of gastrulation, hence takes place before feeding
starts; spicules continue to grow in cultures which are without food ; exogastrulae
having no functional digestive tract are able to form typical skeletons like those of
normal plutei (Okazaki, 1956). In earlier studies, it has been stated that spicules
do not develop in sea water in which the calcium is seriously reduced (Pouchet and
Chabry, 1889) and also that the absence of maguesium and sulphate ions arrests
the spicule formation of sea urchin larvae (Herbst, 1904). However, hardly any
details about skeleton formation have been clarified so far.

In the present paper, the effects of the Ca concentration of the culture medium
on skeletal development will be reported as a preliminary to the study of the
mechanism of skeleton formation.

L This research was supported in part by the Ministry of Education Research Expenditure.
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MATERIALS AND METHODS

The larvae of Hemicentrotus pulcherrimus were principally used, because the
form of the skeleton of this species is the simplest to be found among the sea urchin
larvae available at Misaki. As supplemental materials, Pseudocentrotus depressus,
Clypeaster japonicus and Mespilia globulus were used.

Ca-low media were prepared by mixing Ca-free sea water * and natural sea
water in9 :1,8 :2,6 :4,4 :6 and 2 : 8 ratios. As Ca-high media, 0.36 M CaCl,
was mixed with natural sea water in 11 :629, 11 :309, 11 : 149, 11 : 69 and
11 : 29 ratios. The resultant Ca concentrations of the whole series of mixtures
correspond to about 0.1 X, 0.2 X, 0.4 X, 0.6 X, 0.8 x, 1.5 X, 2.0 X, 3.5 X, 6.0 X
and 10.0 X the calcium content of natural sea water. TFor convenience, these media
will be referred to as 0.1 Ca, 0.2 Ca, 0.4 Ca . . ., respectively.

Larvae were cultured in Syracuse watch glasses containing about 15 cc. of
medium. In these cultures, the larvae must be placed in a single layer, so as to
minimize variations in the rate of development which would lead to individual dif-
ferences in skeletal size. As long as the number of larvae in a container is kept
below such a level, further reduction in the larval number per container does not
affect the skeleton formation. This latter situation indicates that it is the concen-
tration of calcium and not the absolute quantity of calcium available per larva
which should be taken into consideration.

In all the experiments reported in this paper, the larvae were cultured in the
absence of food.

EXPERIMENTAL RESULTS

Before describing the effects of media with modified Ca concentrations on
skeleton formation, it seems appropriate to mention their effects on the general de-
velopmental process of sea urchin larvae. These are summarized in the following
five points.

(1) Time of hatching. In Ca-low media, no retardation of development was
obvious in reference to the hatching time, while in Ca-high media, the time of hatch-
ing was more or less retarded. However, this retardation of hatching time in Ca-
high media is not simply due to a generally delayed rate of development, judging
from the time of mesenchyme formation and gastrular invagination, as described
below.

(2) Time of beginning of mesenchyme inmmigration and gastrular invagination.
With reference to the time of the onset of these activities, larvae in 0.1-3.5 Ca did
not show any difference from the control, except occasional early beginning in 0.1
and 0.2 Ca. Tn 6.0 and 10.0 Ca larvae, however, both activities were retarded in
comparison with the controls.

(3) Gastrulation. In 0.2-6.0 Ca, gastrulation proceeded mn an almost normal
manner. [arvae cultured in extreme concentrations (0.1 and 10.0 Ca) {requently
developed into exogastrulae, as described in previous papers (Dan and Okazaki,
1956 ; Okazaki, 1956).

(4) Size of the blastocoel. In Ca-low media, the size of the larval blastocoel

2NaCl 26.5 g., KCl 0.7 g, MgSO.-7H:0O 11.9 g, NaHCOs 0.5 g. pius distilled water to
1000 cc.
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became larger than that of the control larvae. This was so particularly in 0.8 and
0.6 Ca. In Ca-high media, on the other hand, the blastocoels became smaller in
proportion to the concentration of Ca present, in the same manner as was reported
by Dan (1952) in this species.

(5) Formation of coeclom. In the extreme concentrations, the secondary
mesenchyme cells failed to form a typical coelom. They either formed a single
vesicle on the tip of the archenteron or dispersed without coordination.

From the foregoing facts, it can be said that the concentration range of Ca
which allows essentially normal development is from 0.2 to 3.5 times that of sea
water.

I. Limiting concentration of calcium necessary for skeleton formation

In larvae which were cultured in even as low a concentration as 0.1 Ca from
the two- or four-cell stage, doubly refractive skeletons were formed, although their
form was atypical and the time of their formation was much delayed, as will be
described below. If larvae reared in sea water were transferred to Ca-low sea

TaABLE 1

Comparison of the time of the beginning of the skeleton formation in various Ca concentrations.
Numbers indicate the ratios of hours required between insemination and skeleton formation
in experimental media over the control. Material: Hemicentrotus pulcherrimus

Stage of transfé’\sa concentration 0.1 0.2 0.4 0.6 08 |SW.| 1§ 2.0 3.5 6.0 | 10.0
4-cell 1.00{0.99|1.00 | 1.00 | 1.04 | 1.08
32-cell 2.2211.69(1.3111.03|1.00|1.00 | 1.00 | 1.00 | 1.00 { 1.05 | 1.07
Morula 2.80{1.87|1.171.05|1.01 [1.00| 1.000.99|1.00 | 1.05| 1.07
Blastula before hatching 2.65({1.711.15]1.02(1.00|1.00|0.99|0.99|1.00 | 1.04| 1.13
Swimming blastula with no
mesenchyme cells 2.20(1.69 | 1.291.03{1.00|1.00

water after the formation of tri-radiate spicules, skeletal growth continued for a
short time even in 0.05 Ca, in which the general development was ultimately im-
paired. These facts show that the Ca threshold for skeleton formation is lower
than that for harmonic development of the whole larva. Such being the case, the
minimal calcium concentration required for skeleton formation itself is impossible
to decide.

Bevelander and Benzer (1948), in their paper dealing with shell regeneration
in young specimens of Pedalion, reported that when an operated animal was placed
in sea water containing % of the normal calcium content, the organic matrix was
completely devoid of calcium, although the matrix was formed in a normal manner.
For sea urchin larvae, however, a medium having such an effect cannot be prepared
by calcium reduction alone.

It is frequently the case that in the larvae of Clypeaster japonicus and Mespilia
globulus cultured in 0.1 Ca, skeletons as such failed to appear; instead, minute
doubly refractive granules were formed in the mesenchyme cells.

II. Time of the beginning of skeleton formation

Larvae fertilized and cultured in sea water were transferred to media of various
calcium concentrations at various stages before the appearance of the mesenchyme
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Ficure 1. Skeletons of H. pulcherrimus larvae reared in media with varied Ca

concentrations from 0.4 to 6.0 times that of sea water.

FiGure 2. Skeletons of I1. pulcherrimus larvae in the extreme Ca concentrations (0.1, 0.2,
6.0 and 10.0 X normal sea water.) Larvae were transferred to such media before skeleton
formation.
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cells, and the tumes of the beginning of skeleton formation were compared. As the
initial stage of skeleton formation, the time was recorded when doubly refractive
granules were recognized by a polarization microscope in 50% of the larvae in a
given culture. The results are summarized in Table I.

As far as pre-mesenchyme blastulae were concerned, the stage at which the
larvae were transferred did not affect the results. Generally speaking, in Ca-low
media, the time of the beginning of skeleton formation became later in proportion

A

S

Ficure 3. Camera lucida drawings of spicules in media of various Ca concentrations at
two stages of skeletal developnmient. Note correlation between Ca decrease and thickening of
spicules. Larvae transferred to experimental media from sea water at gastrula stage with
rudimental spicule granules.

o ™

to the dilution of Ca, while the increase in Ca content had only a slight effect in
this sense. In considering the delay in skeleton formation at extreme concentra-
tions, the retardation of the developmental rate must also be taken into account.

II1. Form of the skeleton in calcium-low and -high media

When larvae were cultured in media with various Ca concentrations from a
stage before the beginning of skeleton formation, the forms of the skeletons of
these larvae at “the final stage” ® showed characteristic features according to the
calcium content, as is illustrated in Figures 1 and 2.

3 By “the final stage” is meant the stage in which the larval skeleton reaches its maximum
of development in foodless culture. Control larvae at this stage have four long arms, a func-
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On the whole, in the range of 0.4-6.0 Ca, the skeletal forms of the experimental
plutei were roughly similar to those of the controls (Fig. ). If they are compared
in detail, however, a slight shift can be recognized in the thickness and length of the
skeleton, and in the shape and number of hooks, paralleling the concentration shifts
in calcium. The thickening of the skeleton was inhibited in proportion to the in-
crease in the Ca content of the medium; this was noticeable even as early as the
tri-radiate spicule stage, as is indicated in Figure 3. The elongation of the skeleton
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Ficure 4. Process of skeletal growth in /. pulcherrimus tarvae in Ca-low media
(0.1, 0.2 <X Ca).

was mhibited in proportion to the decrease in Ca concentration within the range
0.1-0.4 Ca (see Figs. 1, 2). There was a corresponding reduction in the number
and the sharpness of the hooks, if the calcium content of the medium was reduced,
and finally in 0.1 Ca, the hooks were missing.

At extreme concentrations outside the above range, there occur distinct differ-

tional digestive tract and a pair of coeloms. Since, however, the destined length of life of the
experimentals turns out to be as long as that of the controls or even longer in some solutions,
the data of the controls and experimentals are roughly comparable. When experimental larvae
died before the end of the experiment, they were omitted from the data.
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ences, with respect to the form and developmental process, between the skeletons of
controls and of experimentals, as will be described below.

Skeletons in media extremely lowe in calcium.  As was mentioned above, doubly
refractive skeletons could be formed in larvae reared in such Ca-low media as 0.1
or 0.2 Ca from a stage before skeleton formation. In such media, these doubly
refractive skeletal rudiments never developed into the tri-radiate form found in
the controls. However, the rudiments continued to grow in size as irregular
masses (Fig. 4). As a natural consequence, the skeletons at the final stage of
such Ca-low larvae were extremely atypical.

On the other hand, if the larvae were transferred to 0.1 or 0.2 Ca after the
formation of tri-radiate spicules, new skeletal development in the Ca-low media was
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Ficure 5. Modification of shape of tri-radiate spicules on transfer to Ca-low media
(0.1 and 0.2 Ca).

recognized as thickenings at cach of the three spicule tips, globutar in 0.1 Ca and
ovoid in 0.2 Ca. (This fact may indicate that in the normal process of skeleton
formation, Ca deposition is more vigorous at the tips than at the other points of
the skeleton.) Subsequently, all parts of the spicules gradually thickened until
skeletons at the final stage resembled typical pluteus skeleton, although they were
much dwarfed (Fig. 5).

If the larvac were transferred to Ca-low media after the pluteus stage, the
thickening of the skeleton was found first at all tips and hooks of the skeletons
(Fig. 6). 1In all cases in the two media lowest in Ca, it was a conspicuous feature
of skeletal growth that the proportion of length to thickness was very small, par-
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Ficure 6. Effect of late transfer of /1. pulcherrimus plutet to experimental media.
Note effects of Ca change on form of hooks and skeletal tips.
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Ficure 7. Skeletons of H. pulcherrimus larvae transferred back to sea water from Ca-low
media (0.1 or 0.2 Ca), showing terminal elongation of slender skeletal rods.
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ticularly in 0.1 Ca, and the surface of the skeleton became uneven as it thickened, as
is shown in Figures 2, 4 and 5.

As a converse experiment to the above cases, if larvae which had been in 0.1 or
0.2 Ca were returned to sea water during the course of skeleton formation, several
spindly processes invariably grew out from the edge of the massive skeleton, with-
out regard to the stage of transfer (Fig. 7). In this case, if the larvae were trans-
ferred to 0.4, 0.8 or 1.0 Ca (sea water ), the shape of the parts newly formed on the
old one became longer and thinner in proportion to the new concentration of Ca.

Skeletons in extremely high calcium media.  1f the larvae were cultured in 10.0
Ca from a stage before skeleton formation, several spicule centers were formed, each
of which developed into a tri-radiate spicule. These rarely attained a sufficient
size to serve as functional pluteus skeletal parts (Fig. 2). Such abnormality was
sometimes obtained in 6.0 Ca larvae. However, if sea water larvae were transferred
to 6.0 or 10.0 Ca after the formation of tri-radiate spicules, excess centers of the
spicules did not form and new skeletal development was continued to form the
typical pluteus skeleton on the basis of the old spicules. In either case, the usual
thickening failed to take place in such skeletons and there was also some reduction
in elongation.

P\

50/u

Ficure 8. Spicules of Hemicentrotus gastrulae having precocious hooks in Ca-high media.

In 6.0 or 10.0 Ca, the side hooks of the skeleton which normally appear at the
pluteus stage were formed prematurely at the gastrula stage, i.e., at the tri-radiate
spicule stage (Fig. 8). Such precocious development of the side hooks was also
frequently observed in 3.5 Ca. If the transfer to Ca-high media was done after
the pluteus stage, the shape of the hooks became sharper and longer as the Ca con-
tent of the medium was increased (Fig. 6).

IV. The effect of Ca concentration on apparent increase in length of the skeleton

Putting aside the aberrant skeletons formed in the two extremes of the Ca
range, a comparison of the skeletal growth by microscopical measurement was made
within the range of 0.4-3.5 Ca. Since the skeletal growth of individual larvae was
very variable even among control larvae derived from the same batch, and further,
since these individual differences became increasingly greater with the increasing
divergence of the Ca concentration from that of sea water, particularly on the dilute
side, the data given are averages of specimens showing good development (see
Glaser, 1950).

To obtain uniform initial length of the spicules. the larvae were allowed to de-
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velop in sea water until the formation of the tri-radiate spicules had taken place,
before they were transferred into media of the above range of calcium, and the
lengths of the spicules in the various media were compared at intervals thereafter,
In spite of variation in the details of the apparent skeletal growth, the general
trend showed that a high concentration of calcium caused better skeletal growth
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Ficure 9. Apparent skeletal growth following transfer from sea water to media with
various Ca concentrations. Material: Hemicentrotus pulcherrimus gastrulae. Ordinate : actual
lengths of spicules calculated from camera lucida drawings. Abscissa: Ca concentrations of
media. Columns with shading indicate initial length of spicules at transfer. Black, dotted
and white columns indicate increase in skeletal length during eacli two hours after transfer

at 16.5° C.

than sea water for a short time following transfer, but became harmful later on,
while low calcium was relatively harmless.

The data of one experiment presented in Figure 9 illustrate this tendency. In
this case, the length of the skeleton reached during the first two-hour period after
transfer increased corresponding to the Ca concentration.* For the second

4 Maximum increase in skeletal length during the first period was found sometimes in 1.5
Caor in 2.0 Ca or in 3.5 Ca. In all cases, however, the skeletons formed in Ca-high media were
longer than those in sea water.
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two-hour period, however, the growth rate of the skeleton in the Ca-high media
came down to approximately the same level as that of sea water, and for the third
two-hour period, the increase in skeletal length in Ca-high media became inferior
to that in sea water. On the other hand, the growth rate in Ca-low media de-
creased in proportion to the decrease in Ca concentration at first, but improved
later.”

1f the total lengths of post-oral rod + body rod at the final stage in various
media were compared, the skeletons in 0.6 or 0.8 Ca were usually longer and in
Ca-high media were shorter than the skeletons in sea water.

V. Spatial relations between ectoderm and skeleton

At the time when tri-radiate spicules were formed in sea water, spicules had
not yet been formed in 0.1 or 0.2 Ca, but the ectoderm at the position of the presump-
tive post-oral arms was wrinkled (Fig. 10). If such larvae were transferred to sea
water, the wrinkled ectoderm gradually expanded and formed the arm, accompanied
by development of the spicules. However, if the larvae were kept in 0.1 Ca, the

Ficure 10.  H. pulcherrimus larvae cultured in Ca-low medium. A, B: 0.1 Ca gastrulae,
showing wrinkles of the ectoderm at position of presumptive post-oral arms. A: side view.
B: vegetal view. C: 0.2 Ca pluteus, showing post-oral and antero-lateral lobes without rods.

wrinkles became deeper as development advanced, and irequently the wrinkled
ectoderm felt off from the body as small vesicles, although m 0.2 Ca, the spicules
eventually developed and short arms grew out.

At the stage in which the antero-lateral arms developed in sea water larvae, the
ectoderm covering the area of the presumptive antero-lateral arms of 0.1 or 0.2 Ca
larvae formed a process which could virtnally be considered as an antero-lateral lobe,
in spite of the fact that the antero-lateral rod was experimentally suppressed in these
larvae (Fig. 10). On transfer back to sea water, this lobe developed into an
antero-tateral arm supported by an attenuated skeleton. If several of these slender
skeletal extensions grew simultaneously from the central mass, a single branch
which elongated in the direction of the lobe acted as a substitute for the antero-
lateral rod, but arms never grew out where other branches reached the ectoderm.
On continuous culture in 0.1 or 0.2 Ca, the antero-lateral lobe gradually disappeared
instead of being cut off from the body. Rulon (1941) reported that Dendraster
excentricus embryos treated with NaSCN developed into larvae having the general

5 The growth of the skeleton during the third period was frequently better in 0.8 Ca than
in sea water.
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shape of plutei in spite of the lack of the mesenchyne cells and a gut.  The Ca-low
larva reported here (Fig. 10) is very similar in shape to this larva of Rulon's (Fig
12 in his paper).

From the above fact, it can be said that the ectoderm which is to develop into
the arm is able to sel-differentiate, but for a normal arm to result, a spatial rela-
tion between the ectoderm and the skeleton is necessary. This has already been
pointed out by Jenkinson (1911), MacBride (1914), Runnstrém (1931), v. Ubisch
(1933) and Hdarstadius (1935).

Discussiox

As was described in Section II, the higher the concentration of calcium ions, the
carlier is the time at which skeleton formation begins. From this fact it is to be
expected that the skeletal growth in Ca-high media will be faster than in normal or
Ca-low sea water. Such a situation, however, was found to obtain only for a short
while after the calcium change (first two hours in Fig. 9).  After this period, the
skeletal growth was rather accelerated in such low concentrations of calcium
as 0.0 or 0.8 Ca, and inhibited by high concentrations. [t is still impossible
to consider the above facts in terms of the rate of Ca deposition, since it is
doubtful whether the apparent size variation of the skeleton is proportional to the
quantity of deposited calcium. Abe and co-workers (1954) have reported on
calcium deposition by adult oysters which were kept in media of different concentra-
tions of radio-active calcium ; if twice as much calcium was provided calcium deposi-
tion was slightly increased, while in the medium of half calcium, the deposition of
calcium was reduced to nearly one-tenth that found in sea water.

There is another situation to be considered in sea urchin larvae, The spicules of
these larvae always grow along a row of primary mesenchyme cells. This fact
suggests that the direction of spicule elongation is decided by the mode of arrange-
ment of the mesenchyme cells, and the length of the skeleton is conditioned by the
distance to which they extend. The primary mesenchyme cells are further apart
in low calcium because of the larger blastocoelic volume, and are brought closer
together in high calcium by the smaller size of the blastocoel. On such a basis, it
becomes understandable why the apparent growth of the skeleton in 0.6 or 0.8 Ca
was rather superior, and that in Ca-high media was inferior to the growth of the
controls.

Woodland (1906) and Prenant (1926) suggested from observations of normal
skeletal development that a sheath-like structure which is found along the row of
primary mesenchyme cells may be a matrix for the skeleton. If this is true, it must
be concluded that the apparent length of the skeleton is conditioned by the length
of the skeletal matrix which, in turn, is proportional to the distance covered by the
longitudinally arranged mesenchyme cells. And further, the tendency that the
ratio of length to thickness of the skeleton becomes smaller as the amount of avail-
able calcium decreases will find its explanation in the deformation of the matrix
resulting from the change in the calcium content of the medium. A detailed descrip-
tion of the skeletal matrix will be reported in the next paper.

The writer wishes to express her sincere thanks to Professor K. Dan and Dr.
J. C. Dan for their kind criticism and valuable advice as well as for their assistance
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in the preparation of the manuscript. The writer's thanks are also due to the
director and staff of the Misaki Marine Biological Station for use of the Station’s
research facilities.

SUMMARY

1. The threshold Ca concentration for the growth of the larval skeleton is lower
than that which permits the normal development of sea urchin larvae.

2. The time of the beginning of skeleton formation is retarded by a decrease in
Ca concentration from the normal level, while an increased Ca concentration has
little effect in this respect.

3. Modification of the Ca concentration of the medium influences the form of
the skeleton of sea urchin larvae.

a). In larvae transferred to very dilute calcium before the time of skeleton
formation, a mass of unorganized skeletal substance develops.

h). In larvae put into very concentrated calcium from a similarly early stage,
several tri-radiate spicules are formed in each larva, but these fail to make a typical
skeleton.

¢). If the transfer is deferred till the tri-radiate spicules are formed. new skeletal
development in the experimental media is continued on the old spicules, and a
pluteus skeleton which is similar to the tyvpical one results, though it is much
stunted in Ca-low, and slender in Ca-high media.

d). The proportion of the thickness to the length of the skeleton is inversely
proportional to the Ca concentration. This is true regardless of the stage of
transfer.

¢). The elongation of the skeletal rods ts inhibited at the extremes of the Ca-
series, particularly on the dilute side.

f). The apparent increase in skeletal length is rather better in 0.6 or 0.8 Ca than
in high-calcium, except that the contrary situation holds for a short time after
transfer.

4. The ectoderm of the presumptive arm may differentiate without any skeleton.
However, such differentiated ectoderm finally falls off from the body or disappears
unless the supporting skeleton develops.

5. It is suggested that an organic matrix may be formed hefore deposition of
the mineral components of the skeleton; that this matrix is deformed by changes
in the calcium concentration ; and that such deformation, in turn, influences the rate
of growth and the form of the skeleton.
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